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Lucalox* Alumina: The Ceramic That Revolutionized 

Outdoor Lighting 


Introduction 

In 1966 the General Electric (GE) Com¬ 
pany introduced the Lucalox lamp, a 
high-intensity, high-pressure sodium- 
vapor lamp that has the highest light- 
producing efficacy (more than 100 lumens 
per watt) of any lamp with a polychro¬ 
matic spectrum. That lamp (shown in 
Figure 1) and similar lamps produced by 
other manufacturers have revolutionized 
highway and roadway lighting. The an¬ 
nual worldwide market for them is now 
about $500 million dollars, and they are 
used for the great majority of outdoor 
lighting. 

The envelope of the new lamp was 
a new pore-free polycrystalline alu¬ 
minum oxide ceramic with excellent 
corrosion resistance and light-transmit¬ 
ting properties that had resulted from 
earlier research at the GE Corporate 
Research and Development Center in 
Schenectady, New York. The new ce¬ 
ramic was developed in the course of a 
program, the initial goals of which were 
to better understand the sintering pro¬ 
cess. The material was widely spoken of 
as a product of research purely moti¬ 
vated by a desire for understanding, and 
this was the case, at least initially. 

The development started with the ob¬ 
servation and interpretation of an inter¬ 
esting ceramic microstructure using 
understanding from earlier work on 
metals. At all times, there was serious 
effort to understand the observed phe¬ 
nomena. However, when a potentially 
valuable product was identified, the re¬ 
search program shifted, first to demon¬ 
strate that a truly pore-free product was 
possible, and second and much more dif¬ 
ficult, to develop processes for making 
the material reproducibly and economi¬ 
cally in the shapes needed. As in other 
materials-development efforts, the work 


* Lucalox is a trademark of the General Electric 
Company. 

** Part of this paper draws upon the manu¬ 
script for a seminar on the new lamp and new 
ceramic given to the Massachusetss Institute 
of Technology Metallurgy Department in De¬ 
cember 1967. 
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required a considerable amount of en¬ 
lightened empirical work, but it raised 
many questions the answers to which 
contributed to an understanding of the 
competitive processes that occur during 
sintering. 

This article** will emphasize the re¬ 
search that led to the new ceramic, the 
circumstances under which it was per¬ 
formed, and the new understanding that 
it produced. Doping with MgO plays an 
important role in permitting the devel¬ 
opment of the necessary microstructure 
in the ceramic, and the mechanism by 
which it operates is still being argued. 
Toward the end of the article, I briefly 
discuss this problem. 

This is primarily a personal narrative 
because I was closely involved with 
nearly all the steps. The development of 
the lamp itself followed the ceramic de¬ 
velopment by several years and was done 
independently at the Large Lamp Divi¬ 
sion of GE. I shall discuss that work only 
briefly. 

Early Work 

By the mid-1950s, the great effort to 
make metallurgy scientific, which 
started at the end of World War II, was in 
full swing. Its goals were more to under¬ 
stand and quantitatively explain well- 
known properties of metals than to 
develop improved alloys. Solid-state dif¬ 
fusion, the origins of microstructure by 
the nucleation and growth of new 
phases, crystal growth, grain growth 
and sintering, and the role of microstruc¬ 
ture and dislocations in controlling 
properties such as flow resistance, work 
hardening, and fracture were among the 
phenomena studied. 

Ceramics then, to the purist, were ma¬ 
terials made from clay mixed with other 
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describes the origin, science, technology, 
and unique accomplishments of advances 
in materials science that have had 
significant practical value. 


minerals and then fired to consolidate 
them. The final product consisted of 
crystalline phases bonded by a silicate 
glass. A few new single-phase, non- 
metallic, polycrystalline inorganic mate¬ 
rials such as barium titanate ferroelectrics, 
ferrimagnetic ferrites, and uranium di¬ 
oxide nuclear fuel had been developed 
during or after World War II. Some older 
materials such as "recrystallized" alu¬ 
mina were sometimes called ceramics, 
particularly in the United States, but the 
usage was rare except there. However, 
this class of materials was becoming 
technologically important. 

I had been active in metals research for 
most of the previous decade. In 1954 1 
was asked by Herbert Hollomon, man¬ 
ager of the Metallurgy Department of the 
GE Research Laboratory, to form a group 
to study ceramics. The goals were to un¬ 
derstand the origin of properties and to 
learn to control them by using the ideas 
and techniques then being used in 
metals research as well as any other ap¬ 
propriate methods. A group of people 
with a variety of backgrounds in metal¬ 
lurgy, crystallography, chemistry, and of 
course ceramics was assembled, and we 
selected some topics for study. 

The properties of classical ceramics 
were commonly related to composition 
and the identity of the phases present. 
Microstructure was sometimes exam¬ 
ined on petrographic thin sections, but 
the primary goal was to identify the 
phases from their optical properties. The 
technique of the metallographer—exam¬ 
ining polished surfaces at high magnifi¬ 
cation to determine the shape and 
arrangement of grains or phases—was 
rarely if ever used on ceramics to relate 
microstructure to properties. One of our 
innovations was to use this technique to 
study the microstructures of a variety of 
ceramics. 

Substantially all ceramic materials are 
made by sintering powders. There was 
already a considerable amount of re¬ 
search being done on sintering, particu¬ 
larly of metal powders, so it seemed 
appropriate that we select it as one major 
area of study. 
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Figure 1. The Lucalox high-pressure sodium-vapor lamp. A discharge lamp with a 
cylindrical envelope of translucent Lucalox ceramic that resists high-temperature 
sodium vapor. The lamp proper is enclosed in an evacuated glass envelope for 
protection and to prevent oxidation of the metal end cap of the ceramic tube. The 
lamp is now available in a wide range of sizes. (1962 press release photo.) 


Sintering Research in 
the Mid-1950s 

One of the major goals of sintering re¬ 
search in the mid-1950s was to under¬ 
stand particle joining and the growth of 
necks between individual particles. Less 
attention was paid to the more complex 
transformations that occur when a mul¬ 
tiparticle array is sintered. That was rea¬ 
sonable because powder metallurgists 
were doing most of the work, and the 
coarse powders they used (usually 
>20 /xm) did join and shrink a little but 
would not sinter to high density by heat 
treatment alone, so neck formation was 
the major phenomenon observed. Metal¬ 
lurgists had long believed that plastic 
flow (i.e., dislocation movement in the 
individual particles) was the major 
matter-transport mechanism for neck 
formation. However, a few years earlier, 
Kuczynski 1 had concluded, from an 
analysis of the growth of the neck be¬ 
tween a sphere and the plate on which it 
lay, that matter transport occurred by 
solid-state diffusion. He recognized that 
the process involved the creation and an¬ 
nihilation of lattice vacancies, but he did 
not identify a source or sink for the 
vacancies or discuss the approach of 
particle centers (specimen shrinkage). 
Although his conclusion was accepted by 
many, there was strong continuing sup¬ 
port for the plastic-flow hypothesis. One 
argument was that if the mechanism of 
pore elimination in a compact was the 
evaporation of lattice vacancies from a 
pore and their diffusion to the surface 
where they would be eliminated, then it 
should take longer for a large specimen 
to sinter than a small one. Since no such 
size dependence is observed, it was con¬ 
cluded that the mechanism must be plas¬ 
tic flow. 

Alexander and Baluffr had observed 
that pores lying on a grain boundary in a 
sintered copper compact might be elimi¬ 
nated while pores not on grain bounda¬ 
ries remained. They suggested that the 
atoms that filled the pores came from the 
grain boundary. Many workers inter¬ 
preted this to mean that the atoms had 
diffused in from the surface along the 
grain boundary—that is, that vacancies 
from the pore had diffused out along the 
grain boundary to the surface where 
they were annihilated. 

In most respects, oxide particles are 
better for sintering than metal particles 
because they are smaller (about 1 p .m or 
less) and with suitable heat treatment, 
compacts made from them can shrink to 
achieve 95% or more of theoretical den¬ 
sity. Kingery and Berg 3 were among the 
first ceramists to study sintering. They 


too were concerned with the develop¬ 
ment of necks between particles and 
observed the behavior of several non- 
metallic materials. They made the use¬ 
ful observation that the proposals of 
Nabarro 4 and Herring 5 for microcreep, 
by the generation of lattice vacancies at 
grain boundaries subjected to a tensile 
stress and their annihilation at grain 
boundaries subjected to a compressive 
stress, more generally implied that grain 
boundaries could be both a source and a 
sink for vacancies. They postulated that 
the centers of two sintering particles 
could approach each other if atoms at the 
surface of contact were to diffuse away 
from there and be deposited at adjoining 
free surfaces. In a porous compact, the 


equivalent statement is that lattice vacan¬ 
cies could evaporate from a pore and be 
discharged at an adjoining grain bound¬ 
ary to permit the centers of the bound¬ 
ary-defining grains to approach each 
other and the whole piece to shrink. 

Grain Growth and Pore Capture 

Although the declared goals for the 
new group were to provide new under¬ 
standing, there was of course hope for 
new materials. Probably the highest hope 
was to make ceramics ductile so that 
their high-temperature corrosion resis¬ 
tance and strength could be used in heat 
engines without fear of fracture. Some¬ 
how it was overlooked that ceramics had 
high flow resistance at high tempera- 
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Figure 2. Microstructure of a shard of alumina that failed the forging test. The pores 
inside the large grains are the residue of misfit regions between the original powder 
particles. By discontinuous grain growth, the large grains grew by consuming the 
smaller grains generated initially and the pores between them. Pores on the new set 
of boundaries pinned the boundaries in position but were preferentially removed, 
permitting the boundaries to move to new positions where the process was 
repeated. The moving boundary thus left a pore-free wake. The dotted line shows 
the presumed initial position of the moving boundary in this micrograph. Original 
magnification is 250X. Etched in molten K 2 S 2 0 7 . 


tures because dislocations could not eas¬ 
ily move in them. That desire led to one 
wildly unsuccessful very early experi¬ 
ment: A piece of sintered (then usually 
called "recrystallized") alumina was 
heated for a long time above 1800°C and 
then hit with a forging hammer. It broke 
into many shards, which settled the 
argument of that approach to ceramic 
ductility. 

I examined one of the shards using the 
metallographic technique of examining a 
polished and etched surface (as I have al¬ 
ready mentioned, that technique was 
rarely if ever used on ceramics) and 
found the interesting structure shown in 
Figure 2. It has large grains full of pores, 
with some striking pore-free regions 
over which a grain boundary had appar¬ 
ently swept. The dotted line in Figure 2 
shows the presumed initial position of 
the grain boundary. (The large voids that 
apparently lie on the present grain 
boundary are the result of surface chip¬ 
ping and are not large pores.) The inter¬ 
pretation 6 of the microstructure of Fig¬ 
ure 2 emphasized that competitive 
reactions such as grain growth, and par¬ 
ticularly discontinuous grain growth, 
can occur during sintering of a multipar¬ 
ticle array, and that they can markedly 
influence pore removal. 

The pores of Figure 2 must initially 
have been on grain boundaries because 
they were initially the regions of misfit 
between the original powder particles. 
That is consistent with an initial particle 
size of a few micrometers. The current 
average grain diameter is a few hundred 
micrometers. Therefore enormous grain 
growth must have occurred, quite 
certainly by the process called discon¬ 
tinuous grain growth or secondary re¬ 
crystallization. Discontinuous grain 
growth occurs when some grain 
boundaries are more able to move than 
others, and there are several sets of con¬ 
ditions under which it can occur. An 
important one, pertinent to the interpre¬ 
tation of Figure 2, requires the presence 
of just enough second-phase inclusions 
of suitable size 7 to prevent grain-bound¬ 
ary migration and grain growth in that 
specimen (the Zener condition). In 
metals the common second-phase inclu¬ 
sions are nonmetallic solids, but in a sin¬ 
tering ceramic, pores act in the same 
way. Now if the effectiveness of these 
boundary pinning inclusions gradually 
decreases—by Ostwald ripening of solid 
inclusions or reduction in pore size by 
sintering, the time will come when a suf¬ 
ficient number of inclusions (pores) are 
removed at a few local sites to liberate a 
few high-mobility grain boundaries. 


Then those boundaries will move rapidly 
to absorb a few neighboring small grains 
and create some relatively large grains. 
The boundaries between a many-sided 
large grain and an array of small grains 
are strongly curved and can migrate 
past inclusions or pores that prevent 
the movement of less strongly curved 
boundaries. Hence the few larger grains 
consume their neighbors, and as they 
grow, their boundaries migrate past 
pores and the pores are thus entrapped 
inside the growing grain. The result is a 
new generation of relatively enormous 
grains filled with pores. Since the pro¬ 
cess involves the growth of a few grains 
from special sites, it superficially resem¬ 
bles the nucleation and growth by re¬ 
crystallization of a new generation of 
grains in a deformed metal, hence the al¬ 
ternate name of secondary recrystalliza¬ 
tion used by many metallurgists. 

When the process is completed, the 
boundaries of these large secondary 
grains are only slightly curved and are 
easily pinned by the few pores they find 
upon them. However, those pores can be 


easily removed with further heating, as 
Alexander and Baluffi had earlier ob¬ 
served. The boundary is thus freed to 
move a little until it encounters more 
pores that in turn are removed, also 
eventually encountering an area swept 
free of pores as shown in Figure 2. 

Discontinuous grain growth requires 
high-mobility grain boundaries. If 
boundary mobility is low, a boundary 
can move only slowly when the disap¬ 
pearance of some inclusions frees it, giv¬ 
ing time for more inclusions to be 
eliminated and more boundaries freed 
so that extreme grain-size contrast nec¬ 
essary for discontinuous grain growth 
never develops. The grain size remains 
uniform, and continuous grain growth 
occurs at a rate limited by the rate of dis¬ 
appearance of boundary pinning inclu¬ 
sions. A critical corollary of this is that 
only in discontinuous growth do 
boundaries migrate past large numbers 
of inclusions. Hence the presence of a 
large number of pores inside grains is a 
certain indicator that discontinuous 
grain growth has occurred. 
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At that time, these observations were 
of great interest because they supported 
the diffusion model rather than the plas¬ 
tic flow model for matter transport dur¬ 
ing sintering. They also indicated that 
the grain boundary rather than the sur¬ 
face was the sink for vacancies. There is 
no reasonable mechanical-flow model 
that would predict that pores at grain 
boundaries should be preferentially re¬ 
moved. The diffusion model does as¬ 
sume that vacancies evaporating from 
the pores could be annihilated at an ad¬ 
jacent boundary with grain centers ap¬ 
proaching and specimen shrinkage 
occurring. If lattice vacancies were re¬ 
moved by diffusing to the surface to be 
annihilated, then pores near the surface 
would disappear faster. Observation 
showed them to be removed from grain 
boundaries throughout the specimen at 
approximately equal rates, so it appears 
that the boundary itself serves as the va¬ 
cancy sink. Pores on grain boundaries 
are removed readily, but pores inside 
grains seem to be quite stable, indicating 
that grain-boundary diffusion is the pre¬ 
ferred mode of matter transport. 

Of more importance for the produc¬ 
tion of a pore-free ceramic, observations 
show that if discontinuous grain growth 
could be prevented then all pores could 
be removed by sintering because they all 
lie initially on grain boundaries. I first 
quickly attempted to do this by intro¬ 
ducing "nonceramic" inclusions of plati¬ 
num into the specimen to pin all grain 
boundaries as "nonmetallic" inclusions 
do in metals. My approach of imbibing a 
partially sintered specimen with chloro- 
platinic acid and then heating it further 
did not work. The nonceramic inclu¬ 
sions were coarse and did not inhibit 
grain growth so a black, porous ceramic 
resulted. 

Identification of an Opportunity 

Thus far the work was really very 
purely motivated by the desire to obtain 
scientific understanding of sintering. 
However, in the course of other work, an 
accidentally greatly overfired specimen 
made from a commercial alumina pow¬ 
der, which contains some undetermined 
impurities, did not undergo discontinu¬ 
ous growth and did sinter to a nearly 
pore-free state. The product was noted 
and the guess made that some unknown 
impurity had reduced grain-boundary 
mobility but no immediate attempts 
were made to identify the impurity, 
though its existence was mentioned in 
the paper 2 that included the previously 
mentioned analysis. 

Shortly after that, a group from the 


Large Lamp Department of GE visited 
the laboratory, and more or less inciden¬ 
tally, this slightly translucent overfired 
specimen was shown to them. George 
Inman, manager of Advanced Engineer¬ 
ing for that group, expressed consider¬ 
able interest and suggested that if the 
product could be improved and fabri¬ 
cated into suitable shapes, it might be 
valuable for lamp envelopes. With that 
possible use established, we decided to 
start a program, the goal of which was 
the manufacture of pore-free alumina. 


An accidentally greatly 
overfired specimen 
made from a 
commercial alumina 
powder did not undergo 
discontinuous growth 
and did sinter to a 
nearly pore-free state. 


In the interim. Bob Coble, one of Dave 
Kingery's students from Massachusetts 
Institute of Technology, had joined the 
group and was studying the initial stage 
of sintering. Kingery and Berg had de¬ 
vised a good model for neck formation 
between two spheres by diffusion and 
annihilation of lattice vacancies at grain 
boundaries and had shown that it was 
possible to test such a model in a multi¬ 
particle array by just observing the ki¬ 
netics at the early stages of shrinkage. By 
studying shrinkage, you automatically 
rule out any contribution to neck growth 
by surface diffusion or vapor transport. 
The model seemed to hold well in the 
very early stages of sintering when the 
shape changes were small and the simple 
assumptions of the model were fulfilled. 
Coble had been working for some time 
observing initial sintering kinetics in 
several materials and was polishing his 
models and extending them to later stages 
in sintering. With only a little arm-twist¬ 
ing, he was persuaded to set aside these 
fundamental studies for a time and per¬ 
form some experiments in an attempt to 
make the pore-free product. 

The Search for a Pore-Free- 
Material Manufacturing Process 

As was suggested in the section on 
Grain Growth and Pore Capture, the ini¬ 
tial approach to making a pore-free alu¬ 
mina was to try to inhibit discontinuous 


grain growth and thus to avoid the cap¬ 
ture of pores inside grains where they 
appeared to be quite stable. Again earlier 
work was helpful. I had observed several 
years earlier that discontinuous grain 
growth in high-purity zinc (containing a 
small dispersion of ZnO) could be pre¬ 
vented by the addition of 0.7-wt% silver 
and had attributed the effect to the re¬ 
duction of grain-boundary mobility. 8 In 
addition we guessed that the accidentally 
overfired specimen that sintered to 
nearly theoretical density had an impu¬ 
rity that reduced grain-boundary mobil¬ 
ity. Finally a greatly unrecognized paper 
of Cahoon and Christenson 9 led us to the 
identity of the impurity. They investi¬ 
gated the effect of many additives on 
sintering alumina by examining micro¬ 
structures in petrographic thin sections 
(then the only technique used by ce¬ 
ramists). They had found that the small 
additions of MgO were remarkably effi¬ 
cient in eliminating the very large grains 
they found in most of their specimens. 

An alumina powder made by the cal¬ 
cination of ammonium alum (Linde A) 
had been procured earlier and was being 
used for much of our sintering work, 
including the initial sintering-kinetics 
work, because it was so pure. It was used 
by Coble in the first additive experiments. 

This selection of powder was later re¬ 
alized to be critically important because 
it possessed three characteristics not pos¬ 
sessed by other powders available at that 
time. First it was pure, and the grains in 
sintered material had the characteristic 
foam-cell structure typically found in 
metals. Many commercial alumina pow¬ 
ders yield elongated or even faceted 
grains that have been attributed to the 
presence of a liquid phase at sintering 
temperature. (See for example Figure 20 
in Reference 14.) Second the particle size 
of the elementary particles was small 
(<1 ix m) and uniform. Third, although 
the powder is somewhat agglomerated, 
the agglomerates were readily broken 
up by small amounts of milling. Other 
potentially useful powders required 
so much milling that they became 
contaminated. 

Following Cahoon and Christenson, 
the first additive Coble tried was a frac¬ 
tion of a percent of MgO, 10 and it worked! 
Discontinuous grain growth did not oc¬ 
cur, and virtually all the pores were re¬ 
moved. Incidentally, MgO additions only 
inhibit discontinuous grain growth. 
They do not prevent continuous grain 
growth from occurring, for the reasons 
mentioned a few paragraphs earlier. 

At the time, pore-free alumina was a 
very impressive product. A photograph 
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Figure 3. Translucency comparison of pore-free and normal porous alumina 
(press-release photo). 


demonstrating the high translucency” of 
this material with a normal good speci¬ 
men of porous sintered alumina is shown 
in Figure 3, and a comparison of micro¬ 
structures between porous and non- 
porous alumina is shown in Figure 4. 
These photographs were used in public¬ 
ity at the time the ceramic was an¬ 
nounced. The pores in the pore-free 
specimen were eliminated when the 
grain size was small. Obviously a con¬ 
siderable amount of grain growth oc¬ 
curred upon later sintering. 

Further Development of Lucalox 

Given an approximate recipe for mak¬ 
ing this product, it was still necessary to 
optimize the composition and process¬ 
ing and firing conditions so that the 
product could be made reproducibly and 
economically in the shapes needed. This 
work continued for a couple of years with 
contributions from a number of people 
with primary responsibility held by 
Charles Bruch. Some of it is reported in a 
1962 paper by Bruch. 12 Over most of that 
period, a major contributor was Nelson 
Grimm of the GE Lamp Glass depart¬ 
ment. To aid in process development, 
Grimm moved to Schenectady for a 
number of months and at the end of the 


development period returned to Cleve¬ 
land to develop the final process used for 
making the tubing for lamp envelopes. 

The new ceramic was announced in 
September 1959, and the name selected 
for the product was Lucalox from trans- 
LUCent ALuminum OXide. For a few 
days, it was pronounced "loose-alox" but 
then the little known rule of English pro¬ 
nunciation that C before A is always hard 
prevailed, and the present pronunciation 
"luke-alox" was adopted. 

The Role of MgO 

The mechanism by which MgO oper¬ 
ates to prevent discontinuous grain 
growth has long been a matter of debate. 
A myriad of explanations have been 
offered, and many of them have been 
recently reviewed by Flarmer. 13 As indi¬ 
cated previously, we were led to use 
MgO doping by the desire to find an ad¬ 
ditive that would inhibit discontinuous 
grain growth. The observations of 
Cahoon and Christenson 9 that magnesia 
additions inhibited the appearance of 
large grains in their (relatively impure) 
alumina sintered specimens also led to 
this choice. Additions above the solid- 
solution limit form magnesium-alumi- 
nate particles at the grain boundaries. 


We first thought it might have worked by 
second-phase pinning of the boundaries. 
The observation that additions within 
the solid-solubility range also worked 
ruled out this explanation. After some 
internal disagreement, we decided the 
mechanism must be Lucke-Cahn 14 drag 
caused by magnesium ion 15 adsorbed at 
the grain boundary. Then several work¬ 
ers 1617 were unable to find any evidence 
of adsorption of magnesium ions at the 
grain boundaries, and the mechanism 
remained in limbo for a time. How¬ 
ever, others, particularly Monohan and 
Flalloran, 18 and then Burke, Lay, and 
Prochazka, 19 demonstrated quite conclu¬ 
sively that the MgO addition did reduce 
grain-boundary mobility. Since it was 
also believed that there is no, or very 
little, adsorption of magnesium at the 
grain boundary then a different mecha¬ 
nism was needed to explain the reduction 
in grain-boundary mobility it accom¬ 
plished. In 1990 I suggested a mecha¬ 
nism based on poisoning of dissolution 
or deposition sites, 20 as described in the 
next paragraphs. There has been little 
discussion of it in the literature. 

The simplest version of grain-bound¬ 
ary motion assumes that the disordered 
region separating two differently oriented 
lattices migrates by atom movements of 
less than an interatomic distance to re¬ 
orient the lattice of the consumed grain 
to that of the growing grain. In this ver¬ 
sion, adsorbed atoms at the interface 
must jump a full interatomic distance to 
keep up with the moving boundary. 
This more difficult process provides the 
grain-boundary drag. There is, however, 
considerable evidence that grain bounda¬ 
ries, or at least low-angle boundaries, 
are highly structured. Accepting this, 
Gleiter 21 has suggested that grain¬ 
boundary motion is a more complex pro¬ 
cess requiring an atom from a grain 
being consumed to separate from its site 
and diffuse along the grain boundary to 
a suitable attachment point in the bound¬ 
ary of the growing grain. Grain growth 
is thus reasonably assumed to occur by a 
mechanism very similar to the Burton- 
Cabrera-Frank 22 model of crystal growth 
from a fluid. 

The growth or solution of crystals in a 
fluid, or in aqueous media at least, can 
be profoundly modified by small impu¬ 
rity additions. A textbook example is the 
ability of a trace of urea in solution to 
change the habit of sodium-chloride 
crystals growing from solution from 
cubes to octahedra. In dissolution, 
Gilman, Johnston, and Sears 23 observed 
that a few parts per million of ferric fluo¬ 
ride in water can change the shape of 
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Figure 4. Comparison of microstructures of porous, sintered alumina, sintered without MgO addition (left) and the pore-free ceramic 
in which a MgO addition prevented discontinuous grain growth (right). Original magnification is 250X. (Press release photo.) 


etch pits at dislocations from broad de¬ 
pressions to sharp pits. Both of these ef¬ 
fects are significant, and the additives 
are highly specific. In the crystal-growth 
case, the poison works by poisoning 
growth sites on cube faces but not on oc¬ 
tahedron faces. In the etch-pit case, shal¬ 
low depressions at dislocations form 
because once a new lattice plane step is 
nucleated, the step moves rapidly and the 
layer is removed to quite a distance. 
If the dissolution steps are poisoned and 
the rate of dissolution is decreased but 
the rate of nucleation of new steps is un¬ 
affected, a pit with much steeper walls is 
generated. Grain-boundary mobility re¬ 
duction by MgO doping of alumina is at¬ 
tributed to this poisoning. 

With the preponderance of the evi¬ 
dence pointing to the fact that there was 
no detectable adsorption of magnesium 
at alumina grain boundaries, but with 
the certainty that magnesium did indeed 
reduce grain-boundary mobility, the 
poisoning hypothesis was the only pro¬ 
posed mechanism that would explain 


the effect in 1990. 

Most recently Soni et al. 24 have ob¬ 
served, using a scanning ion microprobe 
and secondary ion mass spectrometry, 
that there is indeed segregation of mag¬ 
nesium at the grain boundaries of MgO- 
doped alumina if the alumina is slowly 


The first additive Coble 
tried was a fraction of 
a percent of MgO, and 
it worked! 


cooled from its 1800°C sintering tem¬ 
perature. Faster cooling produces less 
segregation. The work also showed that 
in slowly cooled CaO-doped specimens, 
calcium is adsorbed almost as much as 
magnesium under similar conditions. 

Although these findings confirm the 
long-held suspicion that some mag¬ 


nesium is adsorbed at alumina grain 
boundaries, they raise another problem. 
They confirm that calcium is adsorbed to 
about the same extent from calcium- 
doped specimens, yet calcium oxide 
doping of alumina does not inhibit dis¬ 
continuous grain growth, 25 and therefore 
it presumably does not reduce grain¬ 
boundary mobility. For comparable con¬ 
centrations of adsorbate at the grain 
boundary, there is no reason why one ion 
should be substantially more effective 
than another in causing Lucke-Cahn 
drag. The alternate suggestion that mag¬ 
nesium ions are specifically able to poi¬ 
son growth and/or dissolution sites 
overcomes this difficulty. 

Development of the Lucalox Lamp 

The Lamp Division began experi¬ 
menting with the new material in 1956. 
A metal-vapor discharge lamp was 
planned, and it was hoped that with a 
strong corrosion-resistant envelope that 
could withstand higher temperatures, a 
lamp could be designed with higher effi- 


66 


MRS BULLETIN/JUNE 1996 




rjN# 5 of SCIENCE & TECHNOLOGY 


ciencies than had been previously ob¬ 
tained. By 1960 K. Schmidt had found 
that sodium vapor could be contained in 
the Lucalox ceramic material at higher 
temperatures than before, and that it 
produced golden-white light at high effi¬ 
ciency. W.C. Louden worked extensively 
on lamp components: the metal ends and 
electrodes, and the sealing techniques 
for bringing electrical leads into the inte¬ 
rior of the ceramic envelope. All of this 
work was carried out in Cleveland with 
only intermittent consultation with the 
Research and Development Center on 
materials problems. 

In December 1962, the new lamp was 
announced, and the results were out¬ 
standing: an efficacy of 105 lumens of 
light per watt, the most efficient source 
of light of acceptable color in the history 
of electric lamps. 

For purposes of comparison, the con¬ 
ventional incandescent lamp has an effi¬ 
ciency of about 18 lumens per watt. The 
conventional mercury-vapor lamp used 
in outdoor lighting produces about 50 lu¬ 
mens per watt, and the fluorescent lamp 
about 75. In its day, an efficiency of 
100 lumens per watt was more or less the 
equivalent of the four-minute mile. The 
low-pressure sodium-vapor lamps that 
were popular in the United States some 
years ago have been improved until their 
efficacy is over 100 lumens per watt. 
They were extensively used in Europe, 
but the light was exclusively at the wave¬ 
length of the sodium D line so all objects 
viewed in their light are either yellow or 
black. By raising sodium vapor pressure 
and temperature, other transitions than 
that giving rise to the sodium D line are 
excited, all the lines are broadened to¬ 
ward the red end, and a quite continuous 
spectrum a little deficient in blue is ob¬ 
tained so that the light has a golden 
color. Sodium vapor at such high pres¬ 
sures and temperatures rapidly attacks 
glass lamp envelopes but is readily con¬ 
tained by Lucalox ceramic. 

Conclusion 

A number of new ideas about tech¬ 
nique and starting materials came out of 
this development: 

■ Microscopic examination of polished 
and etched surfaces can be as useful in 
ceramic process development as it is in 
metallurgy. 

■ Steps should be taken to prevent dis¬ 
continuous grain growth during sinter¬ 
ing because it entraps pores inside grains 
where they are very stable. However, 
there is no simple rule to define what is 
an appropriate additive to prevent such 
growth. Magnesium is a very specific 


addition for aluminum oxide. 

■ The initial powder selection is critical. 
It should be pure, its particle size uni¬ 
form, and any agglomerates easily deag- 
glomerated. Prior to this work, it was 
assumed that a high green density in a 
pressed compact would yield the highest 
density sintered product, and that a 
powder with a range of particle sizes 
would pack to a higher green density 
than a monodisperse one. However, 
shrinkage results from the annihilation 
of lattice vacancies from pores at an adja¬ 
cent grain boundary. This must be a co¬ 
operative process if particle centers are to 
approach each other. All the atoms be¬ 
tween a pair of grains must be removed 
if their centers are to approach. To ac¬ 
complish this, vacancies must diffuse for 
about one-half the pore-to-pore distance 
to remove the full layer of atoms. (There 
may have to be a little grain-boundary 
sliding also.) If a range of particle sizes is 
used to get good packing in the green 
compact, there will be a range of pore 
sizes in the partly sintered compact. As 
the smaller ones are eliminated, the 
separation between the larger ones in¬ 
creases so that not only are the pore cur¬ 
vatures and driving force for evaporation 
smaller, but the diffusion distances are 
larger, greatly increasing the time for 
sufficient diffusion to permit the grain 
centers to approach each other. The opti¬ 
mum configuration is to have all par¬ 
ticles, and hence all pores, the same size, 
so pores can disappear simultaneously 
leaving no orphans. 

■ The powder agglomerates must be 
broken up. In the development work, 
a defect initially encountered was 
"measles"—small white regions scat¬ 
tered throughout the specimen. It was 
quickly found that these could be elimi¬ 
nated by properly milling the powder to 
break up all agglomerates, and it became 
obvious that each measle was a small 
cluster of larger pores initially formed by 
the poor fit of large agglomerates. It had 
been long known that milling would in¬ 
crease the final density of a sintered 
compact. This observation provided a 
more reasonable explanation than the 
one sometimes made at the time that the 
energy imparted by the grinding process 
also served as a driving force for sinter¬ 
ing. The only important driving force re¬ 
mains surface energy. 

■ The agglomerates in the powder must 
be soft enough to be broken up with mild 
milling. If extensive milling is required, 
contamination is introduced and unifor¬ 
mity of particle size is difficult to 
achieve. 

Polycrystalline alumina ceramics of 


the Lucalox type are now made by a 
number of manufacturers. Its combined 
properties of high light-transmitting 
ability and excellent resistance to hot so¬ 
dium vapor make it the only successful 
material found to date for containing the 
plasma of the high-pressure sodium- 
vapor lamp. Single-crystal sapphire tub¬ 
ing made by the edge-defined growth 
process was tried briefly, but its higher 
cost and difficulties with strength and 
light transmission prevented its displac¬ 
ing the polycrystalline material. While 
there are minor uses for pore-free alu¬ 
mina, the lamp-envelope applications 
are the only important ones. 

Acknowledgments 

I thank two of my colleagues for the 
contributions they made during discus¬ 
sions about parts of this article. Both 
have made important contributions to 
further improvements in Lucalox ce¬ 
ramic processing, and each has been re¬ 
sponsible for the development of another 
commercially important pore-free ce¬ 
ramic. Svante Prochazka 26 developed sil¬ 
icon carbide for structural purposes, and 
Charles Greskovich 27 was the leader in the 
development of the first polycrystalline 
ceramic scintillator for computer- 
assisted-tomography scanners. 

References 

1. G.C. Kuczynshi, Trans. AIME 186 (1949) 
p. 169. 

2. B.H. Alexander and R.W. Baluffi, Acta 
Metall. 5 (1957) p. 666. 

3. D.W. Kingery and M. Berg, /. Appl. Phys. 26 
(1955) p. 1205. 

4. F.R.N. Nabarro, Report of a Conference on 
the Strength of Solids (Physical Society of Lon¬ 
don, 1948) p. 75. 

5. Conyers Herring, /. Appl. Phys. 21 (1950) 
p. 437. 

6. J.E. Burke,/. Am. Ceram. Soc. 40 (1957) p. 80. 

7. J.E. Burke, in Grain Growth in Industrial 
Metallurgy (American Society of Metals, 
Cleveland, 1954) p. 1. The volume fraction of 
inclusions just necessary to prevent grain 
growth in a uniform array of grains with a 
uniform dispersion of inclusions was subse¬ 
quently specified by Zener as / = 4/3(r,/G) 
where/is the volume fraction of inclusions, r, 
is their radius, and G is the average grain di¬ 
ameter (quoted by Cyril Smith, Trans. AIME 
175 [1947] p. 15). In the present case where the 
pores are the operating inclusions and must 
initially lie on grain boundaries, they are 
much more effective. Therefore under those 
conditions, / = 8(r,/G) 2 (J.E. Burke and J. Ro- 
solowski. Treatise on Solid State Chemistry, 
vol. 4, edited by B. Hannay [Plenum Press, 
New York, 1976] p. 621.) 

8. J.E. Burke, in Atom Movements (American 
Society of Metals, Cleveland, 1951) p. 209. 

9. H.P. Cahoon and C.J. Christenson, /. Am. 
Ceram. Soc. 39 (1956) p. 337 

10. R.L. Coble, U.S. Patent No. 3,026,210. 


MRS BULLETIN/JUNE 1996 


67 


r jjSfKS of SCIENCE & TECHNOLOGY 


11. I’ore-free alumina is not transparent be¬ 
cause aluminum oxide is birefringent. An en¬ 
tering ray is split into polarized ordinary and 
extraordinary components vibrating in planes 
normal to each other and showing different 
refractive indices. Upon entering each new 
grain, all rays are again split, so a point source 
viewed through the ceramic emerges as a 
circle of confusion, which is greater the 
smaller the grain size and the thicker the 
specimen. 

12. C.A. Bruch, Bull. Am. Ceram. Soc. 41 (1962) 
p. 799. 

13. Martin Harmer, in Sintering of Advanced 
Ceramics, Ceramic Transactions, vol. 7 (Ameri¬ 
can Ceramic Society, Westerville, Ohio, 1990) 
p. 13. 

14. K. Lucke, Tour de Physique, Colloque C4, 
suppl. 10 (1975) p. 339; J.W. Cahn, Acta Metall. 
10 (1962) p. 789. 

15. R.L. Coble and J.E. Burke, Progress in Ce¬ 
ramic Science, vol. 3, edited by J.E. Burke, 
p. 199. 

16. W.C. Johnson and D.F. Stein, /. Am. Ceram. 
Soc. 58 (1975) p. 485. 


17. J.G.J. Peelen, Mater. Sci. Res. 10 (1975) 
p. 443. 

18. R.D. Monahan and J.W. Halloran, /. Am. 
Ceram. Soc. 62 (1979) p. 564. 

19. J.E. Burke, K.W. Lay, and S. Prochazka, 
Mater. Sci. Res. 13 (1980) p. 417. 

20. J.E. Burke, in Sintering of Advanced Ceram¬ 
ics, Ceramic Transactions, vol. 7 (American 
Ceramic Society, Westerville, Ohio, 1990) 
p. 215. 

21. J.J. Gilman, W.G. Johnston, and G.W. Sears, 
J. Appl. Phys. 29 (1958) p. 747. 

22. W.K. Burton, N. Cabrera, and F.C. Frank, 
Philos. Trans. R. Soc. A234 (1951) p. 299. 

23. H. Gleiter, Progress in Meta! Physics, 
Chalmers Anniversary Volume, edited by 
Christie, Haasen, and Marsalske (Pergamon 
Press, Oxford, 1981) p. 27. 

24. K.K. Soni, A.M. Thompson, M.P. Harmer, 
D.B. Williams, J.M. Chabala, and R. Levi-setti, 
Appl. Phys. Lett. 66 (21) (1995) p. 2795. 

25. G. Rossi and J.E. Burke, J. Am. Ceram. Soc. 
56 (1973) p. 654. 

26. S. Prochazka, in Special Ceramics, vol. 6, 
edited by P. Popper (1971) p. 171. 


27. Charles G. Greskovich, Dominic Cusano, 
David Hoffman, and Robert J. Riedner, Bull. 
Am. Ceram. Soc. 71 (1992) p. 1120. □ 

Joseph E. Burke received his PhD degree in 
chemistry from Cornell University. From 
1943 to 1946, he worked at Los Alamos Na¬ 
tional Laboratory where his final assignment 
was to build and manage DP site, the first 
plutonium-processing plant. Following the 
war, he was an associate professor of metal¬ 
lurgy at the Institute for the Study of Metals 
at the University of Chicago. In 1954 he 
formed the Ceramic Studies Section in the 
Metallurgy and Ceramics Department of 
what was then called the CE Research Labo¬ 
ratory. His research interests have included 
grain growth and recrystallization in metals, 
and sintering in ceramics. Burke can be 
reached at the foil owing e-mail address: 
joeeburk@aol.com. 


J A N I S CRYOGENIC SYSTEMS 



JANIS RESEARCH COMPANY, Inc. 

2 Jewel Drive 

Wilmington, MA 01887-0696 

TEL: (508) 657-8750, FAX: (508) 658-0349 

IN EUROPE: Cryophysics SA, Geneva TEL: 41 


For over thirty years, Janis has combined extensive 
engineering and fabrication capabilities to design 
cryogenic systems for virtually any application: 

Standard systems include: 

• LHe and LN 2 variable temperature 
and continuous flow cryostats 

• Closed Cycle Refrigerators 

• Detector Cooling Systems 

• Superconducting Magnet Systems 

• Dilution Refrigerators 

• 3 He Systems 

• Cryogenic accessories, flexible transfer 
lines and cryopumps 

Custom engineered systems are designed 
and built to meet your exact requirements 
• and include: 

• Low photon flux, high radiation dewars 

• Ultra high efficiency transfer system 

• Testing apparatus for fountain effect 
characterization 

• 2 K isothermal chamber for holography work 

22 732 95 20 



Circle No. 7 on Reader Service Card. 


68 


MRS BULLETIN/JUNE 1996 





ENGINEER!! 

materials 

SCIENCE 



Optical Diagnostics for 
Thin Film Processing 

Irving P. Herman 

This volume describes the increasing role of 
in situ optical diagnostics in thin film process¬ 
ing for applications ranging from fundamental 
science studies to process development to con¬ 
trol during manufacturing. The key advantage of 
optical diagnostics in these applications is that 
they are usually noninvasive and nonintrusive. 
Optical probes of the surface, film, wafer, and 
gas above the wafer are described tor many 
processes, including plasma etching, MBE, 
MOCVD, and rapid thermal processing. For each 
optical technique, the underlying principles are 
presented, modes of experimental implementa¬ 
tion are described, and applications of the diag¬ 
nostic in thin film processing are analyzed, with 
examples drawn from microelectronics and 
optoelectronics. Special attention is paid to real¬ 
time probing of the surface, to the noninvasive 
measurement of temperature, and to the use of 
optical probes for process control. 

July 1996. 738 pp.. $95 00/ISBN: 0-12-342070-9 

Engineering Materials 
Science 

Milton Ohring 
Key Features 

• Provides a modern treatment of materials 
exposing the interrelated themes of structure, 
properties, processing, and performance 

• Includes an interactive, computationally 
oriented, computer disk containing nine 
modules dealing with structure, phase 
diagrams, diffusion, and mechanical and 
electronic properties 

CONTENTS (Chapter Headings): Introduction to 
Materials Science and Engineering. Electrons in 
Atoms and Solids: Bonding. Structure of Solids. 
Polymers, Glasses, Ceramics, and Non-Metallic 
Mixtures. Thermodynamics of Solids. Kinetics of 
Mass Transport and Phase Transformations. 
Mechanical Behavior of Solids. Materials 
Processing and Forming Operations. Engineering 
Materials; How They Are Strengthened and 
Toughened. Degradation and Failure of Structural 
Materials. Electrical Properties of Metals, 

Insulators, and Dielectrics. Semiconductor 
Materials and Devices: Science and Technology. 
Optical Properties ot Materials. Magnetic Properties 
ot Materials. Failure and Reliability of Electronic 
Materials and Devices. Appendices. Index. 

1995.833 pp., S69.95/ISBN: 0-12-524995-0 



bin Film 
esearch 


Thin Films 

(Formerly Physics of Thin Films) 
Serial Editors 

Stephen M. Rossnagel and 
Abraham Ulman 

Volume 20 

Organic Thin Films and Surfaces 

Directions for the Nineties 

Edited by 

Abraham Ulman 

Edited by Abraham Ulman, Organic Thin Films 
and Surfaces: Directions for the Nineties 

will be the first volume to link two dynamic areas 
in the physical sciences—organic thin films and 
surface science. Contributions from leading experts 
in the field cover a range of important topics on the 
processing, characterization, and applications of 
organic thin films. 

1995.392 pp., S84.95/ISBN: 0-12-523485-6 
Volume 21 

Homojunction and Quantum-Well 
Infrared Detectors 

Edited by 

Maurice H. Francombe and John Vossen 

Volume 21 of the Thin Films series covers spe¬ 
cial semiconductor interface structures for use in 
high-performance devices, including photoemis- 
sive homojunction detectors in which spectral 
response can be extended into the far infrared; 
novel device configurations based on multi-quan¬ 
tum well detectors for imaging at wavelengths out 
to the VLWIR range; and the incorporation ot quan¬ 
tum-wells into solar cell junction structures as a 
means of extending their spectral bandwidth. 

1995, 387 pp., $9900/ISBN. 0-12-533021-9 

Introduction to Infrared 
and Raman Spectroscopy 

THIRD EDITION 

Norman B. Colthup 

1990,560 pp., $73.00/ISBN: 0-12-182554-X 



The Handbook of Infrared 
and Raman Characteristic 
Frequencies of Organic 
Molecules 

Daimay Lin-Vien, Norman B. Colthup, 
William G. Fateley, and 
Jeanette G. Grasselli 

This handbook—which displays infrared and 
Raman spectra and lists frequencies allong with 
succinct, descriptive text—will provide a much- 
needed reference for practicing vibrational 
spectroscopists in academia and industry. 

1991,528 pp.. $95.00/ISBN: 0-12-451160-0 




s' 0 N 


& 


http://www.opnef.com/ 


Order from your 
local bookseller 


or directly from: 

Academic Press, Inc. 

Order Fulfillment Dept. DM27098 
6277 Sea Harbor Drive, Orlando, FL 32887 
24-28 Oval Road, London NW1 7DX, U.K. 

In the U.S. and Canada 
CALL TOLL FREE: 1 - 800-321 • 

5068 

FAX: 1 - 800 - 874-6418 
E-MAIL: ap@acad.com 

Prices subject lo change without notice ©1996 by Academic Press, Inc. 
All Rights Reserved. NO/NS/TR/PECS —30066 


Circle No. 4 on Reader Service Card. 














